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ABSTRACT 
Geological sequestration of CO2 is a technically feasible and potentially economic option for significantly and safely 
reducing greenhouse gas emissions, with CO2 injection already practiced in Canada and the USA to enhance crude 
oil production. The Enhanced Coalbed Methane (ECBM) process is seen as the next most economical sequestration 
options. The authors estimate an incremental methane recovery factor from 20% to 50%, depending on coal rank and 
seam depth. Others have estimated the potential to increase worldwide CBM production, utilising ECBM, by 18 
Trillion cubic meters, while simultaneously sequestering 345 Giga tonnes of CO2.  
 
This paper presents technical and economic factors to consider for developing a commercial ECBM project. 
Technical factors include: geostructural and hydrogeological issues, geochemical reactions, stressed and competitive 
sorption, counter-diffusion, effective and relative 4-D coal permeability and methane recovery levels.  Key economic 
factors are injectant acquisition price, sale price of methane and the level of carbon credits.   
 
INTRODUCTION 
 
Methane adsorption vs. pressure & coal rank 
A technical consideration in selecting potential coal seams for the ECBM process is the base methane adsorption 
capacity or gas content of the seam. As seen in the methane adsorption data in Figure 1 (from Curl, 1978), the gas 
content varies with rank and reservoir pressure. At higher ranks, the sorption curve at low pressures is steeper than at 
lower ranks coals. This means that for anthracites, for example, the amount of methane desorbed and released from 
coal, for a given 80% reduction in reservoir pressure (from 50 atm to 10 atm), is only some 20%. This compares to 
about 50% in high-volatile bituminous (hv-B) coal. The potential maximum extra recovery factor for ECBM in 
anthracites (based on 1005 displacement efficiency) would then 
be 80% of gas-in-place and result in a 400% increase in 
reserves. This is significantly higher than the 100% increase in 
reserves for the high-volatile bituminous coal.  
 
Additionally, because the base adsorption capacity for 
anthracite is much higher than for the hv-B coal, (35m3/t versus 
22m3/t), the total producible gas from anthracite coal is larger 
to help defray the costs of the ECBM process.  It should be 
noted that Curl’s data was generated with dry coal samples, i.e. 
without inherent moisture. The sorption isotherms will be quite 
lower with inherent or matrix moisture (Joubert, 1974).  At 
50atm, his data showed a 60% drop in adsorption capacity, 
from dry coal to a coal with 10.7% inherent moisture level.  
 
Primary CBM production is most often accomplished by de-
watering the coal seam cleat system (not the inherent-moisture 
water, which is held in the micro and mesopores via hydrogen 
bonding). De-watering simultaneously de-pressures the seam, 
allowing desorption to take place, and opens up the flow paths 
in the cleat system to increase permeability and thus gas flow rates.  
 
Figure 1- Methane adsorption 
versus coal rank and pressure 
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CO2 Geosequestration in Coal & Enhanced Coalbed Methane 
The process of geosequestration of CO2 into deep coal seams, as depicted in the schematic of Figure 2, involves 
capturing the CO2 from a flue gas stream, via absorption separation processes, and compressing it to high pressures 
for transport to an injection site via steel pipelines, followed by injection via cemented and steel-cased wellbores into 
a deep or unmineable coal seam. The CO2 moves 
through the coal seam along its natural fractures 
(the cleat system) and from there diffuses to the 
coal micropores where it is preferentially adsorbed 
to the in-place coalbed methane (CBM). The 
benefit of using coalbed methane-producing coal 
seams is that the risk of leakage is extremely low, 
as the in-place methane at discovery has proven 
that the retention and seal have been effective for 
millions of years. The additional benefit of coal 
seam injection of the CO2 is that, whilst the coal 
adsorbs CO2 at twice the rate of CH4, it also 
displaces CH4 at essentially 100% efficiency, at 
high reservoir pressures, thereby increasing 
recovery of CH4 by a significant amount.  
 
 
The higher adsorption affinity of coals for CO2 has been reported by several authors: Figure 3 shows the adsorption 
isotherms measured by Arri (1992) for CO2, CH4 and N2 as a function of gas pressure, on San Juan Basin Fruitland 
coal (Vro~0.8%). The ratio of CO2 adsorbed to CH4 desorbed at any given pressure is known as the storage ratio. 
For medium to high volatile bituminous coals, this storage ratio is approximately 2:1 at low to medium pressures, 
decreasing somewhat at higher pressures. The storage ratio increases as the coal rank decreases: for sub-bituminous 
coal, the ratio has been measured between 7:1 and 10:1, while for lignite coal, the ratio was as high as 13:1 (Buruss, 
2002). All of these values are derived from adsorption isotherms done on coal particles without external stress or 
compaction, which is not representative of in-situ 
conditions for underground coals, particularly deep 
coals. 
 
For compacted or stressed coal samples, the amount of 
gas adsorbed changes (Rubel, 2000) and so should the 
storage ratio. According to our preliminary 
measurements at the University of Queensland, for 
Bowen Basin high volatile bituminous coal (Vro=0.97-
1.06), the CO2:CH4 storage ratio at 500kPa (a) is about 
3.1:1, decreasing to 1.8:1 at 2100 kPa (a). The 
measurement of the displaced methane, via pore 
displacement and desorption, gives rise to a 
displacement efficiency, being the amount of methane 
produced as a percentage portion of the methane in-
place (both for the adsorbed-state methane and the free 
gas phase). We have measured on a preliminary basis a 
100% displacement efficiency of CH4 by CO2 at low to 
medium pressures of 400kPa (a) and 2100 kPa (a)). This 
compares to recovery factors of 40% to 65% for primary 
CBM operations, where the methane desorbs via 
reservoir pressure depletion. As can be seen in Figure 3, 
at 150 psia, approximately 275 SCF/ton is left in the 
coal, compared to an original content of 600 SCF/ton at 1500 psia. This results in a CH4 recovery loss of 45.8%.  
 
Figure 3- Adsorption isotherms on bit. coal  
for CO2, CH4 and N2 (after Arri, 1992) 
Figure 2- CO2 geosequestration into coal seams
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TECHNICAL FACTORS 
 
The technical factors discussed here are related to the reservoir-holding or reservoir-transport properties of coal 
seams, for CH4, CO2, N2 and water. Other technical factors deal with surface conditions, such as pipeline transport 
of CO2, degree of de-hydration of the CO2 prior to pipeline transport and CO2/CH4 separation downstream from 
producing wellheads.  
 
Petrological 
A key property of coal is its permeability, which defines the achievable fluid flow rate. Permeability results from 
coal’s structural and maceral make-up. There is a broad correlation between permeability and the lithotype groupings 
of “banded” bituminous coals of the humic group (Clarkson & Bustin, 1997).  The lithotype components of bright 
coal are vitrain and clarain; the components of dull coal are durain and fusain. Clarkson & Bustin reported coal’s 
permeability to vary by several orders of magnitude, from 0.01mD to 10mD. 
 
Geostructural  
Another key technical consideration to CO2 geosequestration is the risk of leakage over a long time (hundreds to 
thousands of years). Ideally, a proposed coal storage reservoir for CO2 should not be located within an active fault 
region, especially with existing flow pathways to surface. Fortunately, most coal seam reservoirs exploited for CBM 
production have shown that their reservoir fluids (water and coal seam gas) have been contained for a long 
geological time (millions of years) without recent leakages to surface. Thus, an ideal candidate reservoir for CO2 
sequestration with ECBM is one where the coal seam is highly saturated with methane at the discovery reservoir 
pressure. 
 
Hydrogeological 
Some coal seam reservoirs are connected to large aquifers, possibly charged by surface fresh water systems. In such 
cases, it may require many years of de-watering the seam before sufficient adsorbed methane has been produced out 
and to allow access by CO2 to the remaining methane. In some cases, this may be impractical and uneconomic. 
However, such wells can be used to inject CO2 and provide a buffer to an otherwise advancing aquifer. This would 
help reduce lifting operating costs. 
 
In more limited aquifer situations, where the cleat mobile water gets produced out in a few years, aquifer influx may 
re-occur late in the depletion process. After CO2 injection has terminated and over a long period of maybe a hundred 
years, the outlying aquifer can feed back into the coal seam reservoir (now full of CO2) due to regional pressure 
gradients. Because of the solubility of CO2 in water, the flowing aquifer may partially “strip” a small amount of CO2 
from the coal and carry it away from the safe, originally-contained adsorbed reservoir environment. Laboratory 
investigations have yet to be done to quantify the significance of this stripping action. It is assumed that, should the 
direction of the aquifer flow be into a benign, non-faulted, sealed cap area, there would be no concern, as the CO2 
would remain dissolved in the water phase. 
 
Geochemical  
Dissolution of cleat mineral matter in aqueous-CO2 solution (carbonic acid) is a both a concern and an advantage. 
The advantage arises from creating extra permeability in the cleats in the near-wellbore area of the CO2 injection 
well, leading to increased injection rates or lower injection pressures. The concern arises with respect to the re-
precipitation of the solubilised minerals, in low pressure environments near the producing wellbore region. However, 
due to prior extra permeability enhancement resulting from methane desorption (see Dynamic 4-D Permeability 
section further on), the negative effect on permeability may be partly or substantially mitigated, back to original 
permeability conditions. Well-designed laboratory investigations would address and quantify this concern.  
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Adsorption and competitive-sorption 
 
Adsorption isotherms are expected to exhibit significant departure when the isotherms of any one gas are measured 
in the presence of another. Such an effect is shown in 
Figure 4, being a modelled binary sorption isotherm 
for the CO2 and CH4 system at three different 
adsorption pressures. Besides showing a strong 
variation of gas content (adsorption level) with 
concentration, this figure also exhibits the pressure 
dependence as shown in Figure 3. Note that the 
adsorption level is not linear with concentration. 
 
This behaviour needs to be measured in the laboratory 
for a specific coal seam and at the appropriate reservoir 
pressures and temperature. 
 
Diffusion & multicomponent counter-diffusion  
 
Desorption of methane from coal’s inner microporous 
surfaces is triggered by the pressure drop acting 
through the cleat system and through the micropore 
system via diffusion. Single component diffusivities 
are measurable via measurements of the desorption rate 
of coal cores. However, in multi-component gas flow 
regimes, such as co-flowing CH4 and N2 in high nitrogen environments or co-flowing CH4 and CO2 in high CO2 
coals, it is our hypothesis that the diffusion rate of any single component is diminished, due to the interference of 
faster or slower moving molecules. This would be similar to the interference effect seen in relative permeability 
curves, where the sum of the effective permeabilities of two phases flowing separately is greater than the 
permeability of the combined two fluids flowing simultaneously.  
 
Additionally, in the ECBM process, CO2 has to enter the micropores while CH4 exits the same micropores. This bi-
directional flow or counter-diffusion, reacting to opposing concentration gradients, is expected to yield a lower 
diffusivity for the CO2 than in a pure, 100% concentration situation. The reduction of diffusivities for both CO2 and 
CH4 will create a wider mixed-fluid transition region in the reservoir, giving rise to an earlier breakthrough of CO2 
at the producing well and a higher concentration of CO2. One of our team (We1, 2005) has modelled this and found 
the CO2 breakthrough time occurring at approximately 370 days for slow single component diffusion versus 400 
days for fast diffusion.  
 
Dynamic, 4-D permeability 
Coal permeability has a 3-D spatial anisotropy, with 
different vertical, horizontal maximum and 
horizontal minimum permeabilities. Additionally, 
coal permeability is dynamic, changing with time, as 
a function of gas adsorption and desorption, gas 
pressure depletion and the changing in-situ stress 
field. A depiction of this dynamic behaviour is 
shown in Figure 5.  In this figure, net stress is 
defined as the external stress less the internal pore 
pressure. The inverse relationship between reservoir 
pressure and net stress is premised on the external 
stress being constant. In many cases, this constant 
external stress does not apply, as the coal fabric 
stresses will resolve according to the developed 
strain. During methane (or carbon dioxide) gas 
Figure 4- Binary Sorption Isotherms of CO2 & CH4
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desorption, the coal matrix undergoes shrinkage, thereby developing strain for the coal to de-stress. 
 
Because of the horizontal permeability anisotropy, directional stresses can have a strong effect on the directional 
permeability of coal; where the principal directional stress is parallel to the face cleats, the permeability is actually 
enhanced when the net stress is increased over time (Massarotto, 2002). 
 
Another factor is the degree of permeability enhancement that will occur during primary depletion of CBM 
operations (from desorption-induced matrix shrinkage), followed by the permeability deterioration that will occur 
during the CO2 injection phase (from adsorption-induced matrix swelling). We have measured these permeability 
enhancements during desorption of gases in our laboratory over several experiments and coal samples. They have 
varied from 100% to 400%, as shown in Figure 6. During adsorption of CO2, N2 and CH4, we have observed 
permeability deteriorations from 16% to 76% (Figure 7), with one anomaly at 50% enhancement which needs 
corroboration  
 
 
 
These are important factors to investigate in order to properly design the overall ECBM process and have high-
confidence predictions of future production. 
 
Enhanced CBM recovery 
The enhanced coalbed methane process (ECBM) can operate with any displacing fluid that helps maintain or 
increase pressure while simultaneously helping to desorb the methane via a reduction in the methane partial pressure 
in the gas phase. When CO2 is used as the displacing fluid, its stronger adsorption unto coal’s inner microporous 
surfaces helps to desorb the methane. This results in a 
sharper CO2 displacing front, a more piston-like 
displacement of the methane. However, the delay caused 
by counter-diffusion transport effects will lead to the CO2 
front moving ahead “dragging” diffusion-delayed 
methane with it. We have measured this in our laboratory 
with core flood tests. A typical concentration profile of 
the CH4 test effluent is shown in Figure 8, showing a 
time delay of about 10 hours before most CH4 is 
produced out. 
 
The ECBM process will work with N2 injection as well, 
but is expected to result in much earlier N2 breakthrough 
and an expected longer tail of low CH4 concentration. 
 
An important factor for either CO2 or N2 ECBM is the 
net storage ratio (NSR) achieved during the process; the NSR is defined as the ratio of CO2 (or N2) left underground 
at conclusion of injection operations (i.e. injected minus breakthrough) to the incremental CH4 produced. This NSR 
is commonly assumed at 2:1 for most bituminous coals, based on Arri’s sorption curves for CO2, CH4 and N2. 
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However, the NSR will vary with reservoir pressure and with stress levels. We have measured a NSR (CO2:CH4) of 
3:1 at 400 kPa, and 1.9:1 at 2000 kPa pressure, both values being for stressed samples. The samples used by Arri 
were unstressed particles of coal. 
 
ECONOMIC CONSIDERATIONS 
 
CO2 and CBM prices 
 
In order for the ECBM process to be viable, the cost of acquiring the CO2 has to be within an achievable range. For 
instance, in the USA, it has been reported that the West Texas EOR floods paid some $US0.25/MCF of CO2 
delivered at field-gate. If CO2 emissions were taxed at $US10/tonne, this is equivalent to $US0.50/MCF. A case 
could be made for the latter price to be divided equally between a supplier needing to dispose of CO2 (thus reducing 
his costs by $US5/tonne) and the purchaser of CO2 for an ECBM process. This would then set the transfer price at 
$US0.25/MCF or $US5/tonne. It is interesting to note that in early 2005, the average price of tradeable CO2 credits 
has reportedly reached $US8/tonne. The value of carbon credits into the future will be a major economic factor to 
define the viability of ECBM processes and projects. International tradeable credits should facilitate this process. 
 
An additional key economic driver for ECBM 
processes is the price received for the incremental 
CH4 production. In the USA, for example, ECBM is 
thought to have reached the commercial threshold, as 
natural gas prices have been between $US4 and 
$US7/MCF for the last few years. According to 
Burlington Resources, operator of the largest ECBM 
field pilot to date, the Allison Unit in the San Juan 
Basin, ECBM is expected to break even at a field 
price of between $US4 to $US5/MCF (McGovern, 
2004). A previous conceptual economic feasibility 
led by the Alberta Research Council concluded that 
the net cost of capturing CO2 and sequestering it in 
coal seams, after subtracting the revenue from 
produced coalbed methane, would fall to zero at gas 
prices ranging from $C2.30 to $C3.30/GJ, depending 
on whether the displacing fluid was CO2 or flue gas 
from power plants. A graph of the adapted CO2-cost versus gas price is shown in Figure 9. 
 
 
Capital and operating costs 
 
Factors to consider in the capital cost domain are: 
 
• The capture costs of CO2 from major point source emitters like coal and gas-fired power plants. The latest 
worldwide studies report that these forecast costs have been reduced significantly, down to the $U25-
$US50/tonne of CO2. 
 
• The capital costs of CO2 pipelines, which can vary widely depending on length and capacity, as well as 
mode of operation (Zhang, 2004). Cost have been reported at anywhere from $US1 and $US12/tonne of 
CO2 per 100km (Turkenburg, 1997). Two of the authors of this paper, along with Zhang, have reported a 
cost of $US3.78/tonne per 100km, for a 600MW coal-fired power plant emitting 6mt/yr of CO2. 
 
• The capital cost of converting producing CBM wells to CO2 injectors, plus the cost of field flowlines and 
metering and control systems. Little information is available in the public domain on these costs. An 
estimate by one of the authors (Massarotto) concludes an indicative cost of $A100 million, based on a 500- 
injection-well project, disposing up to 150mt of CO2 over its 15 year life. The resultant unit cost is $A0.67/t 
of CO2. The cost would increase with complicated well conversions. 
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• The final major capital cost component is that for CH4-CO2 field gas separation units. Conventional oilfield 
technology already exists for such separation, where costs will be proportional to scale of operations. 
 
 
The major operating cost factors can be broken down into raw feedstock cost (i.e. pure CO2), pipeline & 
compression energy cost, field operating costs and field gas separation costs. The raw feedstock costs, referenced 
above, may range from $0.25 to $0.50/MCF of CO2 and still result in a commercial ECBM project. Estimating the 
balance of operating costs is beyond the scope of this paper; pre-feasibility and feasibility studies would readily 
develop them for project evaluation considerations. Pipeline operating costs would include compression costs at the 
capture plant site. Additional injection-field compression  may arise if a higher injection pressure is desired for 
injectivity purposes.  
 
KNOWLEDGE GAPS 
 
There are still several knowledge gaps in the science underlying the ECBM process, whether with CO2 or N2 or a 
combination of the two, like flue gas. Additionally, there are site specific information requirements and design bases 
which can be readily determined with sufficient investigation studies, on-site drilling and sampling, and conventional 
lab tests.  The current science knowledge gaps being worked on by our team at the University of Queensland are: 
 
 - Quantifying the kinetics and limits of hydrological stripping of adsorbed CO2 unto coal at high 
pressures and under in-situ stress;  
 -  Quantifying and elucidating on the multi-component competitive sorption process and the respective 
storage ratios; 
 - Determining the minerals reaction kinetics and transport controls for pure CO2 and aqueous-CO2 
(carbonic acid) reactions with cleat & matrix mineral matter; 
 - Confirm and develop understanding and measurements on the stressed sorption phenomenon; 
 - Measure and develop a model to describe the multi-component counter-diffusion mechanism & kinetics 
 -  Develop 4-D coal permeability models & predictive techniques, including ternary relative 
permeabilities 
 - Develop numerical techniques leading to comprehensive ECBM reservoir modelling capability. 
 
CONCLUSIONS 
 
The ECBM technology holds great promise as a main CO2 sequestering process to address the global warming. It is 
especially attractive in areas of the world where coal-fired power plants are close to deep coal seams and where 
premium pricing can be obtained for the significant methane gas produced.  It also has an additional advantage as a 
sequestering process: the CO2 is locked away, via strong adsorption energy forces, inside the coal seam for millions 
of years. We have shown that there are many technical factors to consider and knowledge gaps to define prior to the 
technology being ready for commercial implementation.  Nevertheless, the knowledge gap areas are known and 
researchers are actively pursuing these. We forecast that most gap areas will be addressed within the next 5 years, 
based on our momentum in research methodology and hypotheses, and on the number of other research groups 
pursuing similar investigations (Canada, USA (2), Poland, Japan, China), mostly at the field pilot level. 
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